Forests play a leading role in regional and global carbon (C) cycles. Detailed assessment of the temporal and spatial changes in C sinks/sources of China's forests is critical to the estimation of the national C budget and can help to constitute sustainable forest management policies for climate change. In this study, we explored the spatio-temporal changes in forest biomass C stocks in China between 1977 and 2008, using six periods of the national forest inventory data. According to the definition of the forest inventory, China's forest was categorized into three groups: forest stand, economic forest, and bamboo forest. We estimated forest biomass C stocks for each inventory period by using continuous biomass expansion factor (BEF) method for forest stands, and the mean biomass density method for economic and bamboo forests. As a result, China's forests have accumulated biomass C (i.e., biomass C sink) of 1896 Tg (1 Tg=10 12 g) during the study period, with 1710, 108 and 78 Tg C in forest stands, and economic and bamboo forests, respectively. Annual forest biomass C sink was 70.2 Tg C a 1 , offsetting 7.8% of the contemporary fossil CO 2 emissions in the country. The results also showed that planted forests have functioned as a persistent C sink, sequestrating 818 Tg C and accounting for 47.8% of total C sink in forest stands, and that the old-, mid-and young-aged forests have sequestrated 930, 391 and 388 Tg C from 1977 to 2008. Our results suggest that China's forests have a big potential as biomass C sink in the future because of its large area of planted forests with young-aged growth and low C density.
Forests play a dominant role in regional and global carbon (C) cycles because they contain 85%90% of total terrestrial vegetation biomass and annually exchange up to 90% of total terrestrial ecosystem C with the atmosphere through photosynthesis and respiration [112] . Forests become sources of atmospheric CO 2 when disturbed by human and natural disturbances, but they can also function as C sinks to sequester or conserve significant quantities of C during regrowth after disturbance [11,1316] . Because of their importance in the C cycles, the Kyoto Protocol clearly suggested increasing C sequestration through afforestation and reforestation to meet greenhouse gas emission targets during commitment periods for signatory countries of the United Nations Framework Convention on Climate Change (UNFCCC) [14] .
Estimating broad-scale biomass C stocks and their dy-namics has been one of the important issues in the study of the global C cycle. In recent decades, forest inventory data have been widely used to estimate C stocks and fluxes for the world's forests at a regional or national scale, because these data are generally collected across the whole area of the forests and designed to be statistically valid [3, 5, 7, 15, 17, 18] . For example, based on U.S. Forest Inventory and Analysis (FIA) data, Brown and Schroeder [15] estimated that eastern U.S. forests annually accumulated ~174 Tg C (1 Tg=10 12 g) during the late 1980s and early 1990s and offset about 13% of the C emissions from fossil fuels and cement manufacturing in the United States during the early 1990s [19] . Similarly, Europe's terrestrial ecosystems have absorbed 7%12% of European anthropogenic CO 2 emissions [7] .
Located in the eastern margin of Eurasia, China ranks the fifth in its forest area in the world [20] and encompasses various forest biomes, from boreal forests in the north to the subtropical/tropical evergreen broadleaf forests in the south [21] , which provides a unique area to study the regional forest C cycle. In addition, with the implementation of national afforestation and reforestation programs since the late 1970s, such as the Three-north Protective Forest Program, the Natural Forest Conservation Program, and the Wetland Restoration Program, forest ecosystems in China are thought to have significantly contributed to the regional and global C sinks in the past several decades [3,11,18,2232] . Based on national forest inventory data, Fang et al. [3] estimated changes in the national C stocks of living forest biomass between 1949 and 1998, concluding that China's forests had functioned as a C sink at a mean annual accumulation rate of 0.021 Pg C (1 Pg=10 15 g) during the study period, mainly due to forest expansion and regrowth. One decade later, Pan et al. [11] updated these inventory data and found that the magnitude of China's forest biomass C sink almost doubled from 0.060 Pg C a 1 in the 1990s (19901999) to 0.115 Pg C a 1 in the 2000s (20002007).
While these studies have contributed to understanding of the role of China's forests in the regional and global C budget, they lack systematic and detailed analysis on changes in forest biomass C stocks with different zonal forest type, age class, and different province. Therefore, based on the up-todate national forest inventory data since the late 1970s, this study is to explore: (i) the temporal changes in biomass C stocks for China's forests and among forest stands, economic and bamboo forests, and (ii) the changes in biomass C stocks in the forest stands, and planted and natural forests, with forest type and age class.
Data and methods
China's forest inventory data for the period of 19771981, 1984-1988, 19891993, 19941998, 19992003, and 20042008 were used in this study. According to the definition of China's forest resource inventory, China's forest was categorized into three groups: forest stand (including planted and natural forests), economic forest (woods with the production of fruits, edible oils, drinks, flavorings, industrial raw materials, and medicinal materials as the main purposes), and bamboo forest. However, the forest inventory provides different information for these different forest groups: it documents the areas and timber volumes by dominant tree species and by age class in each province for forest stands, as well as the respective areas and volumes of natural forests and plantations for each province, and only the forest area in each province for economic and bamboo forests. Note that due to the lack of data, forest in Hong Kong, Macao and Taiwan was not included in this study. Three methods, including the mean biomass density method, the mean biomass expansion factor (BEF, ratio of forest biomass to timber volume) method, and the continuous BEF method (the function of BEF as timber volume), are commonly used to estimate forest biomass C stocks across the world [33, 34] . Using China's forest inventory data between 1984 and 2003, Guo et al. [34] compared these three methods and concluded that the continuous BEF method was most reasonable and accurate to estimate regional forest biomass when there are sufficient forest inventory data, as well as field measurement data. Therefore, we estimated forest biomass C stocks for each inventory period by using the continuous BEF method for forest stands, and the mean biomass density method for economic and bamboo forests. It should be noted that a ratio of 0.5 was used in this study to convert biomass to C stock.
Forest stands
Because forest inventory data only document information on area and timber volume of forest stands, it is necessary to develop allometric relationships between forest biomass and forest timber volume to obtain BEF for each forest type [17, 23, 33] . Previous studies have suggested that the value of BEF varies with forest age, site class, stand density and quality [3, 17] . Fang and his colleagues [3, 14, 15, 17, 23, 35, 36] have derived a simple reciprocal equation from direct field measurements to express the BEF-timber volume relationship for a specific forest type (eq. (1), Table S1 in Supporting Information), and one can easily scale up to calculate regional forest biomass based on direct field measurements and forest inventory data by using these equations [37] . For details about this method, see Fang et al. [3, 18] and Guo et al. [34] .
where x is the timber volume per unit area, a and b are constants for a specific forest type, and BEF is the biomass expansion factor. It should be noted that since 1994, the definition of forest stands in China's forest resource inventory has been changed from >30% canopy coverage to 20% canopy coverage. In order to make our results comparable among different periods, Fang et al. [18] analyzed the 19941998 inventory data which provided both criteria (20% and 30% canopy coverage), and found the robust linear relationships between the two criteria for the forest area and biomass C stocks at the provincial level. In this study, we modified their equations with power function relationships (eqs. (2) and (3)) to obtain better estimates.
where AREA and CARBON are the forest stand area (10 4 ha) and biomass C stock (Tg C) in a province, respectively; subscripts 0.3 and 0.2 represent the criterion of >30% and 20% canopy coverage, respectively.
In addition, because early forest inventory data only documented total area and volume of natural and planted forests for each province without detailed information on dominant tree species for each type, we could not use the continuous BEF method as the whole forest stands to calculate biomass C stocks in each inventory period for natural and planted forests. Therefore, following Fang and Chen [38] , we established a robust linear relationship between the mean biomass density and mean volume density at the provincial level (eq. (4), Figure 1 ). Using this equation, we first calculated separately the biomass C stocks of natural and planted forests for each province and each inventory period, and then obtained their corresponding proportions in each province and each inventory period. The final biomass C stocks of natural and planted forests were derived by multiplying these corresponding proportions to total biomass C stock of forest stands, which was obtained using the continuous BEF method. Fang et al. [22] ) with the area of economic forests in each province in each inventory period. Forest inventory documents the areas of moso bamboo and other bamboo forests in each province. We established a literature-reviewed database of bamboo biomass, which contained 37 sets of biomass data for moso bamboo forests and 43 sets for other bamboo forests. The mean biomass density of moso bamboo and other bamboo forests was estimated as 81.9 and 53.1 Mg ha 1 respectively, based on the database. We therefore can obtain biomass C stocks in China's bamboo forests in the different inventory periods, using the mean biomass density for each bamboo type and areas in each province.
Results

Biomass C stocks and C sinks of China's forests
Total forest biomass C stock increased by 38.6% from 4972 Tg C (i.e., 4.972 Pg C) in the early 1980s (19771981) to 6868 Tg C in the late 2000s (20042008), with a net accumulation of 1914 Tg C and an overall biomass C sink rate of 70.2 Tg C a 1 ( Table 1) . As shown in Table 1 , biomass C sinks varied greatly in different periods: the C sink in 19941998 was 10.1 Tg C a 1 , and then dramatically increased to 114.9 Tg C a 1 in 20042008, implying a significant increase in C sink in China's forests. Occupying 84.4%89.4% of total forest area, forest stands have stored 93.2%94.9% of total biomass C stock and net accumulated C of 1710 Tg, at an average rate of 63.3 Tg C a 1 , which accounted for 90.2% of total biomass C sink between 1977 and 2008. Net C gain was found between two sequential inventory periods, except a slight decrease of 8 Tg C in 19941998 probably due to the statistical error on the forest area, and the maximum biomass C sink was found in 20042008 with the value of 112.9 Tg C a 1 . The area-weighted mean biomass C density also increased from initial 38. Over the past three decades, economic and bamboo forests have occupied 8.2%12.9% and 2.3%3.0% of total forest area, and stored 2.7%4.1% and 2.4%2.9% of total biomass C stock, respectively. During the period of 19772008, economic and bamboo forests have separately As shown in Figure 2 , forest stands in all provinces have functioned as C sinks during 19772008, and the largest C sink was in Tibet (280.8 Tg C), accounting for 15.4% of total biomass C sink in China's forest stands, followed by Sichuan (249.7 Tg C, 14.6%), Yunnan (191.2 Tg C, 11.2%), and Inner Mongolia (142.1 Tg C, 8.3%). In addition, the area of forest stands had increased in all provinces, except slight decreases in Jilin by 26.6×10 4 ha and in Gansu by 4.7×10 4 ha.
Biomass C stocks in planted and natural forests
The biomass C stocks and C sinks in planted and natural forests are given in There was considerable spatial (or regional) difference in biomass C sinks in planted and natural forests over the past 30 years (Figure 3) . Planted forests had acted as C sinks in all provinces during the period of 19772008 and the largest sink (81.1 Tg C) was in Sichuan, followed by Fujian (68.9 Tg C), Heilongjiang (60.9 Tg C), and Hunan (58.6 Tg C). For the natural forests, 25 of 30 provinces in China were C sinks and Tibet (262.1 Tg C), Sichuan (168.6 Tg C), Yunnan (152.4 Tg C), and Inner Mongolia (95.8 Tg C) had the highest C sinks, which together accounted for 76.1% of total biomass C sink in natural forests across the country. The rest five provinces had released C and the largest biomass C source was in Heilongjiang (47.2 Tg C), followed by Guangdong (13.3 Tg C), Gansu (4.5 Tg C), Fujian (3.8 Tg C), and Shanghai (0.02 Tg C).
Biomass C stocks of forest stands by forest type
China has almost all major forest types of Northern Hemisphere, with tropical rainforests in the south and boreal forests in the north [39] . To document the biomass C sink in various zonal forest types, we grouped China's forest stands into five zonal forest types based on dominant tree species according to Fang [40] : boreal forests, temperate coniferous forests, temperate deciduous forests, warm-temperate/subtropical mixed forests, and evergreen broadleaf forests (Table 3). Table 3 depicts temporal change in biomass C stocks and C sinks during the period of 19772008 by zonal forest type. In the early 1980s (19771981), the largest biomass C stock (1449 Tg C) was in boreal forests, which accounted for 31.0% of total country biomass C stock of forest stands. The biomass C stocks of evergreen broadleaf forests (1282 Tg C), temperate deciduous forests (870 Tg C), temperate/ subtropical mixed forests (816 Tg C), and temperate coniferous forests (282 Tg C) accounted for 27.2%, 18.5%, 17.3%, and 6.0% of China's forest stand biomass C stock, respectively. However, this order has been changed 30 years: evergreen broadleaf forests stored the largest biomass C of 1901 Tg C (29.6%), followed by temperate deciduous forests (1577 Tg C, 24.5%), boreal forests (1242 Tg C, 19.3%), temperate/subtropical mixed forests (1156 Tg C, 18.0%), and temperate coniferous forests (552 Tg C, 8.6%). Consequently, four of five zonal forest types had functioned as C sinks during the period of 19772008 and the net C accumulation was 706 Tg C (26.2 Tg C a 1 ) in temperate deciduous forests, 617 Tg C (22.8 Tg C a 1 ) in evergreen broadleaf forests, 340 Tg C (12.6 Tg C a 1 ) in temperate/subtropical mixed forests, and 268 Tg C (9.9 Tg C a 1 ) in temperate coniferous forests. Boreal forests have functioned as a stable C sink by sequestrating 220 Tg C between 1977 and 1993, while switched to a C source by releasing 441 Tg C from 1994 through 2008, with a net release of 221 Tg C over the past 30 years. These differences in biomass C sinks in these five zonal forest types were largely attributed to the change in forest area. Over the past three decades, forest area has increased by 14.11×10 6 ha in temperate deciduous forests, 13.09×10 6 ha in evergreen broadleaf forests, 7.41×10 6 ha in temperate coniferous forests, and 1.8×10 6 ha in temperate/subtropical mixed forests, but decreased by 3.69×10 6 ha in boreal forests.
As shown in Table 3 , during the period of 19772008, the area-weighted mean biomass C density has increased by 35.7% (7.9 Mg C ha 1 ) in temperate/subtropical mixed for- 
Biomass C stocks of forest stands by forest age class
According to forest inventory data, China's forest stands were grouped into three age classes: young-aged, mid-aged, and old-aged forests (including premature forests, mature forests, and over-mature forests). The temporal change of areas, C stocks, and C densities among three age classes in China's forest stands are shown in Figure 4 . About 54.4% 55.0% of total biomass C stock of forest stands occurred in the old-aged forests, which had sequestrated C of 930 Tg, at an average rate of 34.5 Tg C a 1 . The mid-aged forests had sequestrated C of 391 Tg (22.9%32.6% of total C stock of forest stands), at an average rate of 14.5 Tg C a 1 . The smallest biomass C sink (388 or 14.4 Tg C a 1 ) was in the young-aged forests (12.8%17.0% of total C stock).
These C sinks were mainly attributed to the increase in forest area in each age class: from 1977 through 2008, forest area has increased by 12.73×10 6 ha in the old-aged forests, 10.76×10 6 ha in the young-aged forests, and 8.60×10 6 ha in the mid-aged forests, which accounted for 39.7%, 33.5%, and 26.8% of total area increment in China's forest stands. In addition, forest regrowth in each age class over the past three decades was also responsible for these C sinks: compared to the initial C density in the early 1980s (14.4, 35.4 and 67.4 Mg C ha 1 in the young-, mid-and old-aged forests, respectively, for 19771981), the area-weighted mean biomass C density has increased 31.3% in the young-aged forests, 4.8% in the mid-aged forests, and 2.1% in the old-aged forests by the late 2000s (20042008), respectively. Note that the mean biomass C density of the old-aged forests (68.8 Mg C ha 1 ) was 1.9 and 3.7 times that of the mid-aged (37.1 Mg C ha 1 ) and young-aged forests (18.9
Mg C ha 1 ) in 20042008, indicating that the young-and mid-aged forests could sequestrate more C in the future if we keep these forests growing.
Discussion
Estimates of biomass C sink in China's forest
In this study, we estimated that the annual biomass C sink in China's forests averaged 70.2 Tg C during the period of 19772008, of which 63.3 Tg C was in the forest stands, 4.0 Tg C in the economic forests, and 2.9 Tg C in the bamboo forests. Using the linear conversion equations for estimating provincial biomass C stocks before 1994, Fang et al. [18] reported that the mean biomass C sink of China's forest stands was 75.2 Tg C a 1 during the period of 19772003, which was greater than our estimate (63.3 Tg C). This may be because the linear conversion equations could underestimate biomass C stocks of forest stands before 1994 when converting provincial biomass C stocks from the old criterion (>30% of canopy coverage) to the new criterion (20% canopy coverage). Using the new forest criterion and updated China's forest inventory data, Pan et al. [11] estimated that the mean biomass C sink of China's forests was 60 and 115 Tg C a 1 for the periods of 19901999 and 20002007, both were close to our estimates: in our study, the value was 60 Tg C a 1 during 19891998 (the average of the periods 19891993 and 19941998; Table 1 ) and 109 Tg C a 1 during 19992008 (the average of the periods 19992003 and 20042008; Table 1 ).
On the other hand, using the mean shoot numbers of bamboo, Pan et al. [26] estimated that the bamboo biomass C stock increased from 65 to 80 Tg C during 19771993, with a net C accumulation of 15 Tg C. Compared with this, we estimated that the C stock of the bamboo forests increased from 121 to 138 Tg C during 19771993, with a net accumulation of 17 Tg C, using the mean biomass densities of bamboos. This shows that our estimates of the C stocks were greater than those by Pan et al. [26] , but the strength of the C sink was quite close to each other.
In order to compare the strength of the C sink with other countries and regions, we estimated that the average value of biomass C sink in China's forests was 0. 44 Table 4 , the overall strength of China's forest biomass C sink during the past three decades was smaller than that in the Northern Hemisphere countries, but since the middle 1990s, it had increased greatly (0.630.66 Mg C ha 1 a 1 ), and was somewhat comparable with that of the United States and Russia, although it was still lower than that of Europe and Japan. 
Contribution of planted and natural forests to total biomass C sink
China holds the largest plantation area in the world, and therefore planted forests could play an important role in sequestrating atmospheric CO 2 [3, 27] . In our study, among a total of 1710 Tg C sequestration in China's forest stands during the year of 19772008, planted forests have sequestrated C of 818 Tg, contributing almost half of total biomass C sink in China's forest stands ( Although the area of natural forests was about four times that of planted forests, natural forests have only sequestrated the nearly same amount of C (892 Tg C) as did planted forests over the past 30 years. However, the mechanism responsible for the C sink in natural forests is different with that for the planted forests. During 19771998, although the area of natural forests decreased from 107. 
Implication of forest C sink in China
Using the data of energy consumption and cement production recorded in "China Statistical Yearbook" and the similar methods mentioned in Fang et al. [ 
China's forest biomass C in the future
With the enhanced afforestation and reforestation practices, natural forest protection, and effective forest management, China's forest biomass C stocks will continuously increase in the next decades. Here we figure out the C sink potential for China's forest stands in the future, simply considering two factors, increase of forest area and forest regrowth.
Increase of forest area
The current forest coverage is 20.4% in China, of which forest stands is 16.2% (155.6×10 6 ha), with the mean biomass density of 41.3 Mg C ha 1 . According to the middle and long-term state forestry development plan, the forest coverage would be 24% in 2030 [42] , which means that the area of China's forest stands (assuming the constant proportion of forest stands to total forests) will increase to 183.1×10 6 ha in the next two decades. Assuming an invariable mean biomass C density of forest stands (41.3 Mg C ha 1 ), the biomass C stock of forest stands will increase by 1135 Tg C, from 6427 Tg C at present to 7562 Tg C in 2030.
Forest regrowth
Within forest stands, planted forests occupy 25.7% of total forest stand area (40.0×10 6 ha) with a low mean biomass density of 26.7 Mg C ha 1 in 20042008. However, the mean biomass density of natural forests is up to 46.4 Mg C ha 1 at the same period. When these planted forests grow up to the same biomass C density as natural forests did, these forests could sequestrate about 788 Tg C. In addition, young-and mid-aged forests occupy 67.2% of total forest stand area (52.6×10 6 ha for the former and 52.0×10 6 ha for the latter) with the mean biomass C density of 18.9 and 37.1 Mg C ha 1 , respectively. If these young-and mid-aged forests could grow up to be as old as the old-aged forests (currently its mean biomass C density is 68.8 Mg C ha 1 ), these forests will sequester C of 4273 Tg in the future. In other words, even without an increase in forest area, China's forests will still sequester considerable amounts of CO 2 from the atmosphere because of their regrowth.
Error analyses
Error analysis of the estimates of national forest biomass C stocks based on inventory data was rarely reported, mainly because many sources of error make it complex. For the forest stands, the most important errors may come from forest inventory data and the estimation of regional biomass stocks by applying for BEFs. For example, Phillips et al. [43] analyzed the error in estimates of forest timber volumes and their changes in five southeastern states in the United States. In their study, the error sources included sampling error, measurement error and regression error, of which sampling error was mainly responsible for the total error in forest timber volumes and their changes, accounting for 90%99% of total variance. However, the estimation of forest timber volumes is only the first step to estimate forest biomass stocks, and the regression error in subsequent steps that convert timber volume to biomass need to be further investigated [43] . Forest inventory data used in our study specified the precision requirement in sampling design: the forest area and volume precision were required to be >90% in almost each province (>85% in Beijing, Shanghai and Tianjin) [44] . In addition, the R square values of BEF equations used to convert timber volume to biomass were above 0.8 for most dominant tree species (Table S1 ). Therefore, the data and method used in this study have relatively high precision. For example, Fang et al. [22] reported that the estimation error of biomass stocks in the national level should be less than 3%. For the economic and bamboo forests, the major error may be generated from the use of the mean biomass density. In general, the method could result in some overestimation of biomass stocks of economic and bamboo forests [34] because collected data were usually from forest stands with better growing conditions. Additional, using the constant C conversion factor of 0.5 might also yield some errors.
This study does not include other forest components recorded in China's forest inventory data, including farmland protection forest, and four-side greening trees (trees out forests). In the past decades, the farmland protection forest and four-side greening trees have significantly increased in China, perhaps resulting in an increase of their C stocks, which need to be assessed in the future [45] .
